Continuous−wave (CW) performance of modern 1.3−μm InAsP/InGaAsP multi−quantum−well (MQW) tunnel−junction verti
Introduction
Vertical−cavity surface−emitting diode lasers (VCSELs) are believed to be the best suited devices for their application in modern optical−fibre communication mostly because of their low−divergence and non−astigmatic circular output beams as well as inherent dynamic single−longitudinal−mode operation. However, their emission spectra should be additionally fitted to spectral attenuation and dispersion characteristics of used fibres. For silica communication fibres, there are three commu− nication windows: 0.85 μm (first−generation optical−fibre com− munication), 1.3 μm (second−generation), and 1.55 μm (third− −generation). Currently, the first−generation optical−fibre com− munication is generally used, which, however, already does not ensure performance necessary to meet pressing and still increasing needs of the Internet and data−transmission services. The third−generation communication, on the other hand, requires 1.55−μm VCSELs whose currently known designs do not ensure satisfactory performance yet. Hence, in this paper, the 1.3−μm VCSELs for the second−generation optical−fibre communication are analysed.
The material systems discussed for 1.3−μm light emission include the more traditional InGaAsP [1] and AlGaInAs [2, 3] on InP, the more recently investigated InGaAs quantum dots [4] [5] [6] and low−bandgap GaInNAs on GaAs [7, 8] , as well as GaAsSb/GaAs [9, 10] structures. As an alternative option, strain−compensated InAsP quantum wells separated by the tensile−strain InGaAsP barriers can be used in a VCSEL structure [11] . Each of these solutions offers some advan− tages over its counterparts, but definitely low lasing thresh− olds and high maximum operating temperature of the latter may turn out to become the most important factor. Accor− dingly, the main goal of this work is to optimise modern de− signs of these 1.3−μm VCSELs with the aid of our compre− hensive self−consistent model [12] simulating a VCSEL ope− ration to propose such a VCSEL structure which simulta− neously manifests both relatively low lasing threshold at room temperature and lasing operation at temperatures as high as possible.
The structure
The tunnel−junction (TJ) VCSEL design under conside− ration ( Fig. 1 ) is similar to that reported by Lao et al. [11] . The concept of the strain compensated multi−quantum−well (SCMQW) has been utilized. The proposed MQW active region is composed of seven 6.1−nm InAs 0. 44 
Model
To simulate room−temperature (RT) continuous−wave (CW) threshold operation of the MQW TJ−VCSEL, the compre− hensive optical−electrical−thermal−recombination self−con− sistent model has been developed by Sarzała et al. [12] . The computer model is composed of four interrelated parts: [16] . In this theoretical approach, all important, usually non− −linear, interactions between optical, electrical, thermal and recombination phenomena are taken into account with the aid of the self−consistent approach ( Accordingly, three−dimensional (3D) profiles of all model parameters within the whole device volume are de− termined not only on the basis of various chemical composi− tions of its structure layers but also taking into account cur− rent 3D profiles of the temperature, the current density, the carrier concentration and the mode radiation intensity. In determination of the 3D temperature profiles, side and top VCSEL surfaces are considered to be thermally isolated and external heat−sink surfaces are assumed to be kept at RT.
Model parameters
Doping− and temperature−dependent values of electrical mobilities and carrier concentrations of doped layers have been determined on the basis of measurements or discus− sions found in Refs. 17-21. Effective masses have been taken from Levinshtein et al. [22] and Adachi [23] . Tempera− ture−dependent electrical resistivities and thermal conduc− tivities of metallic layers have been reported in Refs. [24] [25] [26] . A, B, C, and D recombination coefficients have been found in Refs. 27 and 28 and they are listed in Table 2 . Tempera− ture dependence of thermal conductivities of semiconductor and dielectric layers have been reported by Adachi [29] , Amith et al. [30] , and Guden and Piprek [31, 32] . For the AuGe layer, its RT thermal conductivity has been given in www.thinfilm.com. The heat−transfer coefficient for the bottom heat−sink surface has been assumed as equal to 50 Wm -2 K -1 . Refractive indices have been reported by Gehrsitz et al. [33] , Gini and Melchior [34] , Chandra et al. [35] , and Henry et al. [36] , Lee and Lee [37] or found in www.virginiasemi.com. Temperature−dependent absorption coefficients have been given in [38] [39] [40] [41] [42] [43] [44] [45] . Electrical and thermal parameters of structure layers at 300 K and, as an example, at 350 K are listed in Tables 1 and 3 , respectively, optical ones -in Table 4 , and model parameters necessary for gain calculations (found in Refs. 22, 23, and 46) -in Table 5 . 
Results
The parameters j s = 1.0 A/m 2 and b pn = 20.5 V -1 of the diode equations
have been extracted from the experimental threshold values (U th = 2.5 V, I th = 0.55 mA) reported by Lao et al. [11] for a very similar structure with 5−μm TJ. In the above Eq. (1), j pn is the p−n junction current density, j s stands for the re− verse saturation current density, b pn is the shape factor, and DV pn is the p−n junction voltage drop.
The model presented in Sec. 3 is used to determine some performance characteristics of the laser under consideration. An increase in the ambient temperature T amb is followed by important changes of values of material parameters, for example values of electrical and thermal conductivities and energy gaps are reduced, whereas those of coefficients of optical absorption, efficiency of Auger recombination and refractive indices are increased, to name the most important changes. As a result, all important physical phenomena tak− ing place within a VCSEL volume during its operation, i.e., current spreading, carrier diffusion and their later recombi− nation, confinement of an optical field, radiation absorption, heat−flux generation and extraction etc., are considerable changed and hence a VCSEL performance is essentially deteriorated, its threshold current is increased and its quan− tum efficiency is reduced. For too high ambient tem− peratures, a VCSEL lasing becomes impossible.
An increase in the ambient temperature T amb causes an increase in the threshold bias voltage U th of the 5−μm dia− meter TJ InAsP/InGaAsP QW VCSEL shown in Fig. 3 . Its form resembles an exponential curve. At higher temper− atures, higher bias voltage is necessary because higher operation current is needed to reach increasing lasing threshold. As one can see from Fig. 3 , maximal tempera− ture in the active region T A, max increases nearly linearly with T amb . High difference between these temperatures is a direct consequence of using TJ which provides simulta− neous electrical and optical confinement. The latter is pos− sible only when the beneficial refractive index profile is achieved.
Opto−Electron. Rev., 19, no. 3, 2011 Ł. Piskorski 323 Carriers injected into the active region diffuse within it in the radial direction until their radiative (bimolecular) or nonradiative (monomolecular and Auger) recombination. A relative share of all three recombination processes within the total threshold current is shown as a function of the ambient temperature in Fig. 4 . As expected, the nonra− diative Auger recombination has been found to be a domi− nating process, whereas radiative bimolecular and nonra− diative monomolecular ones have been found to be almost constant for the whole temperature range. The characteristic temperature T 0 remains quite high (92 K) for ambient tem− peratures not exceeding 305 K (Fig. 5) . At elevated tempe− ratures, T 0 is equal to 51 K (T amb = 310-325 K) and 29 K (T amb = 330-345 K). These results are very close to their experimental values [11] of 83 K, 46 K, and 28 K, res− pectively.
Gain spectra of the InAs 0.44 P 0.56 /In 0.64 Ga 0.36 As 0.44 P 0.56 QW used in the VCSEL under consideration determined for the constant carrier concentration of 4×10 18 cm -3 and for various active−region temperatures T A are shown in Fig. 6 . As one can see, with an increase in T A , a shift of the gain spectrum towards longer wavelengths together with a gra− dual reduction of its maximal achievable value is observed. The optical gain g for the radiation of the wavelength 1.3 μm, determined for various T A as a function of the carrier concentration n, is plotted in Fig. 7 . The carrier concentra− tion, corresponding to the g = 0 value, is called the trans− parency concentration.
RT threshold current as low as 0.5-0.6 mA have been obtained for TJ diameters from 5 to 7 μm with the lowest value 0.50 mA for 6 μm device (Fig. 8) . As one can see, only for TJ diameter equal to 3 or 4 μm, the maximal ambi− ent temperature, for which it is possible to achieve lasing threshold, is as high as 350 K. Hence, to fulfil both optimi− zation criterions, i.e., as low as possible the RT threshold 
Conclusions
The InAsP/InGaAsP multi−quantum−well (MQW) tunnel− −junction vertical−cavity surface−emitting diode lasers (TJ− −VCSELs) with sub−milliampere threshold current for a wide range of TJ diameter have been found to be at a room temperature (RT) very promising laser sources of the 1.3−μm carrier wave for the optical communication using the silica fibres. However, their efficient operation at high ambient temperatures is possible only for tunnel junctions with small diameters. Hence, to obtain attractive characte− ristics for a wide temperature range, the tunnel junction being restricted to a well−defined diameter is necessary. 
